Recent achievements in the use of trifluoroperacetic acid (TFPAA) in consecutive Criegee rearrangement are covered in this review. Consecutive Criegee rearrangement promoted by TFPAA represents a new approach to this classic method in organic chemistry. The concept of selective double and triple O-insertion is described through the analysis of kinetic data, the overview of synthetic examples and studies of the reaction mechanisms. TFPAA in trifluoroacetic acid (TFAA) media is introduced as a specific reagent for consecutive Criegee rearrangement and for stable carboxonium ion generation. Heterolytic decarboxylation and bisperfluoroacyl peroxide synthesis are discussed as miscellaneous and useful reactions.
Introduction
The Baeyer-Villiger 1 reaction A (Scheme 1) has long been recognized as a powerful method for the oxidation of a ketone 1 to an ester or lactone. 2, 3 The treatment of aldehydes or ketones 1 with peracids always leads to the formation of hydroxyperesters 2 ("Criegee intermediate"). 4 A consequent rearrangement of hydroxyperesters 2 leads to ester 3 as the final product. It is widely accepted 2,4 that Baeyer-Villiger reaction proceeds via a two-stage mechanism. The kinetic data suggests that either the addition 5, 6 of peracid to ketone 1 or peroxyester 2 rearrangements 7 can be the rate-determining step. Criegee rearrangement B, 8 on the other hand, is the ionic rearrangement of peroxyester 5 to ester 6, which can decompose to the final product 7. Criegee rearrangement can be performed in a solution starting from alcohols 9 or their esters 10 because intermediate peroxyesters can be generated in situ in the reaction media. Relative migration aptitude of different groups (t-Bu>i-Pr>Et>Me) in the Baeyer-Villiger reaction 11, 12 and Criegee rearrangement 12, 13 and the ρ-value of the relative migration rates of substituted benzyl groups (ρ=−2.1 14, 15 for Criegee rearrangement and ρ=−2.55 16 for Baeyer-Villiger reaction with H 3 PO 5 ) suggested that the group R is carrying a partial positive charge in the transition state in both cases (anionotropic rearrangements). The mechanisms of Baeyer-Villiger reaction A and Criegee rearrangement B are closely related via peroxyesters 2 and 5 rearrangement (Scheme 1). 
Scheme 1
Numerous reviews described the synthetic and mechanistic aspects of the Baeyer-Villiger reaction 2, 3, 17, 18 and Criegee rearrangement, 9, 12, 19 but none have focused their attention on the consecutive Criegee rearrangement (Scheme 2). Research activity during the last ten years, however, has led to new synthetic applications of consecutive Criegee rearrangements that certainly warrant the need of the present review. These applications mostly utilized the principal synthetic difference between Baeyer-Villiger reaction and Criegee rearrangement processes. The Baeyer-Villiger reactions are always limited to a mono-O-insertion process and the sequential Oinsertion has never been reported in literature. The Criegee rearrangement does not have such a limitation. Acidic and anhydrous conditions of reaction media helps to stabilize the ester 6 (Scheme 2) or the corresponding carboxonium ion 9, which can react further with the next molecule of peracid to give peroxyester 10 and, therefore, the reaction may proceed by consecutive pathway through mono-, double-and triple O-insertion. Triple O-insertion may also be named as the ultimate O-insertion, because active oxygen atoms from intermediate peresters 5, 10 and 13 are incorporated into all three C-C bonds. Scheme 2 is a generic summary of the idea of ultimate triple-O-insertion process with the formation of possible ionic and non-ionic intermediates. After the first O-insertion by the Criegee mechanism, the resulting ester 6 can react with peracid through carboxonium ion 9 to give perester 10. Perester 10 undergoes an ionic rearrangement by the Criegee mechanism to give ester 11 (second O-insertion product). Ester 11 can react with another molecule of peracid through carboxonium ion 12 to give perester 13, which undergoes a Criegee rearrangement to yield ester 14 (third O-insertion product). 
Scheme 2
The success of the triple O-insertion reaction will depend on the possibility of peroxyesters 5, 10, 13 formation and the subsequent rearrangements. At each stage of O-insertion, however, esters 6, 11, 14 or the corresponding carboxonium ions 9, 12, 15 can decompose to give ketone 7, ester 17, or carbonate 18 correspondingly (Scheme 3), 20 instead of reacting with the peracid. 
Scheme 6
These studies [24] [25] [26] manifest the possibility of the generation of peroxyesters as the key intermediates in Criegee rearrangement from ketals and orthoesters and also support the idea of consecutive Criegee rearrangement. 
Scheme 7
Similarly, the ultimate consecutive O-insertion process was observed when polyhedral ketal 41 was treated with MCPBA in CH 2 Cl 2 .
29 Carbonate 42 and lactone 43 were obtained in this non-polar and low acidic media (Scheme 8). This process is very similar to the above mentioned studies when cyclic ketals were converted into orthocarbonates 27, 28 and into lactones. 
Scheme 8
The possibility to employ tertiary alcohols instead of hydroperoxides or ketals for the Criegee rearrangement was explored using cyclic alcohols 44 and 47. 9 When alcohols 44 and 47 (Scheme 9) were treated with Caro acid, the formation of ketones 46 and 50 was observed. In both cases the ketones 46 and 50 resisted further transformations and were isolated as final products with yields above 90%. 
Scheme 9
The consecutive Criegee rearrangement was attempted using the strong acidic conditions, 9 but was not achieved in spite of excess of Caro acid. The successful achievement of double-and triple-O-insertion in consecutive Criegee rearrangement was described in studies that use TFPAA in TFAA as the reaction media. 10, 20, [31] [32] [33] [34] [35] The development of these reactions and their mechanisms will be discussed in the following sections.
Development of consecutive Criegee rearrangement with trifluoroperacetic acid (TFPAA)
A synthetic potential of the double and triple consecutive O-insertion was investigated for the reactions of organic substrates with trifluoropeacetic acid (TFPAA) in trifluoroacetic acid (TFAA). 
Scheme 10
The reaction of adamantane (51) 31 and 1,3,5-trimethyladamantane (52) 32 in the TFPAA/TFAA media led to the selective oxidative fragmentation at the bridgehead position of the adamantane structure (Scheme 10). The observed reaction is the first example of a selective double Criegee rearrangement process near tertiary carbon. The observed good yields of 1,3-ditrifluroacetoxymethylcyclohex-5-yl acetic acid (57) and 1,3,5-trimethyl-1,3-ditrifluoroacetoxymethylcyclohex-5-yl acetic acid (58) pointed to the high potential of this oxidative system for double consecutive oxygen insertion into polyhedral structures. The authors did not study the mechanism of this process, but the structure of the final products suggests the double Criegee rearrangement. The intermediate formation of 3,5-dioxadihomoadamant-4-yl trifluoroacetate (55) and 1,7,9-trimethyl-3,5-dioxadihomoadamant-4-yl trifluoroacetate (56) was also proposed. It is worth mentioning that the consecutive reaction was supported by the high ratio of TFPAA/substrate = 8-10.
The other approach 33 describes the formation of oxaadamantane (60) with a good yield (56%) through the selective oxidative fragmentation of 2-methyl-2-hydroxyadamantane (59) (Scheme 11). The parallel formation of exo-2-hydroxy-4-oxaadamantane (61) was also attributed to the double Criegee rearrangement. The study 33 has a definite mechanistic relation to the above mentioned processes of tetrahydrofuran (38) and tetrahydropyran (34) 
Scheme 11
When 2,2-dimethoxyadamantane (63) and 2,2-diethoxyadamantane (64) were used as the substrates (Scheme 12), only traces of oxaadamantane (60) were observed. 10 This result becomes clearer after detailed consideration of the reaction mechanism. At this point it should be mentioned that oxaadamantane (60) 
Scheme 12
A similar but less selective process was described in a stepwise conversion of 4-methyl-4-hydroxyhomoadamantane (65) with TFPAA in TFAA. 20 Products 67 and 68 are also resulting from the double consecutive Criegee rearrangement (Scheme 13). 
Scheme 17
Since it has been known that carboxonium ions can be synthesized from orthoesters in trifluoroacetic acid (TFAA), 36 an attempt to detect carboxonium ion formation during consecutive Criegee rearrangement was made in TFPAA/TFAA system. 10 
Scheme 18
An analogous mechanism had been proposed for the double consecutive Criegee rearrangement of 4-methylhomoadamantan-4-ol (65) with TFPAA in TFAA (Scheme 19). 20 Dioxacarboxonium cation 95 was not observed because of its high strain energy and, therefore, fast decomposition to final products 67 and 68. The corresponding ab initio theoretical calculations were used to support the assumption of high strain energy of cation 95. The structure of observed products 67, 68 and kinetic data 20 
Scheme 19
The study of the mechanism of consecutive Criegee rearrangement with tert-butyl trifluoroacetate (71) (Scheme 20) and triarylmethyl trifluoroacetates 77-80 avoided the previously mentioned complications due to proton elimination because of the nature of R-groups (methyl or aryl). 35 The A kinetic study of peresters decomposition 13, 24 shows that the reaction rate of Criegee rearrangement depends on the presence of a non-migrating alkoxy group (Scheme 21, Table 1 ). The Criegee rearrangement of peroxyesters 101-104 proceeds as a first-order reaction. The reaction rate of 2-methoxy-2-propyl p-nitroperbenzoate (104) is comparable to the reaction rate of 2-benzyl-2-propyl p-nitroperbenzoate (103) ( Table 1) . It is known 2 that the migration aptitude of CH 3 -group is much lower than that of the benzyl group. A comparable reaction rate can be interpreted only by the influence of the CH 3 O-group in a transition state of Criegee rearrangement for perester 104. The same may be concluded from the comparison of kinetic data for peresters 101 and 104. For measuring the reaction rate of the perester 101 rearrangement 13 the authors had to use an acetic acid media instead of CH 3 OH. It should be noted that from the data analysis of Table 1 the reaction rate for CH 3 -group migration in perester 101 is 9.81x10 2 times slower than in perester 104 (k 108 /k 105 =9.81x10 2 ). This can be explained by the partial positive charge stabilization with CH 3 O-group in transition state. This data is also in an agreement with ρ-value of the relative migration rates of substituted benzyl groups (ρ=−2.1) 14, 15 for Criegee rearrangement, as well as with the theoretical calculations for the Baeyer-Villiger reaction. 38 Therefore, the reaction rate of ionic decomposition of peroxyesters should be increased with increasing number of oxygen atoms attached to the C 1 -atom of the peroxide molecule (Table 1 ). This analysis is rather important for consideration of the mechanism of the consecutive Criegee rearrangement.
101-104
105-108 Scheme 21 The kinetic results mentioned in Table 1 allow to suppose that the third O-insertion process should occur faster than the second O-insertion process and the second O-insertion process should occur faster than the first O-insertion process (k 3 >k 2 >k 1 ). However, the experimental 
Scheme 22
The analogous mechanism interpretation may be also appropriate to the result that was obtained with benzophenone diethyl ketal (114) (Scheme 23). 35 
Synthesis of bisperfluoroacetylperoxides
The reaction of perfluoroacyl anhydrides 135 with hydrogen peroxide revealed a good nucleophilic reactivity of peracids 136 when a catalytic amount of sodium or potassium trifluoroacetate was used (Scheme 26). 46, 47, 48 This reactivity was useful in the synthesis of bisperfluoroacyl peroxides 138, which are used as reagents for radical perfluoroalkylation (for example, trifluoromethylation) and as radical initiators of polymerization.
49,50 
Scheme 26
A catalytic method of synthesis of bisperfluoroacyl peroxides 138 (Scheme 26) was developed using perfluoroacyl anhydrides 135 and hydrogen peroxide in the presence of a catalytic amount of the carboxylate R f COO -M + . This reaction did not occur in the absence of catalyst. 46 The efficiency of the basic catalysis in this process is a result of the higher It is important to emphasize that bistrifluoroacetyl peroxides 138 (R f =CF 3 ) have a remarkable stability in trifluoroacetic acid. Thus, the concentration of a 28 % solution of bistrifluoroacyl peroxide in trifluoroacetic acid remained almost unchanged (2% of loss of bistrifluoroacetyl peroxide estimated by 19 F NMR) at -10 o C for 6 months. This makes the 25-30% solutions of bistrifluoroacetyl peroxide in trifluoroacetic acid practically useful as a reagent for laboratory and industrial applications. Acetyltrifluoroacetyl peroxide 141 was stable in the described reaction conditions and did not decarboxylate (Scheme 24). 41 It can also be synthesized by the reaction of peracetic acid 139
with trifluoroacetic anhydride 121 (Scheme 27, A) or by the reaction of trifluoroperacetic acid 122 with acetyltrifluoroacetyl anhydride 140 (Scheme 27, B). 
Scheme 27
It should be noted that both methods A and B (Scheme 27) do not require any basic catalysis.
Summary
We have attempted to summarize recent advances in the consecutive Criegee rearrangement utilizing trifluoroperacetic acid (TFPAA) in trifluoroacetic acid (TFAA) as an appropriate reagent and reaction media for the consecutive O-insertion into alcohols, ketals and their esters.
• Experimental data manifested that saturated aliphatic and polycyclic/polyhedral alcohols underwent a selective double O-insertion consecutive Criegee rearrangement process.
• The generation of stable carboxonium ions (dialkoxycarbonium ions) could be achieved by the reaction of tertiary alcohols and their esters with TFPAA in TFAA.
• The stabilization of dialkoxycarbonium ions in TFPAA/TFAA media results in the selective double O-insertion process for saturated aliphatic and polycyclic/polyhedral alcohols.
• Selective triple O-insertion has taken place for triaryl methanols in TFPAA/TFAA media.
This peculiarity opens the way for the synthesis of diaryl carbonates with excellent yields.
